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ARTICLE INFO ABSTRACT

Colloidal quantum dots (QDs) are semiconductor nanocrystals which exhibit discrete energy levels. They are
promising building blocks for optoelectronic devices, thanks to their tunable band structure. Here, we explore a
nanoengineering approach to highlight the influence of an alloyed interface on the optical and electronic
properties of CdSe/(CdS)s “giant” core/shell (CS) QDs by introducing CdSe,S; x interfacial layers between core
and shell. By incorporating of CdSe,S;  interfacial layers, CdSe/(CdSe,S;.5)4/(CdS), (x = 0.5) core/shell (CSA1)
QDs exhibit a broader absorption response towards longer wavelength and higher electron-hole transfer rate due
to favorable electronic band alignment with respect to CS QDs, as confirmed by optical absorption, photo-
luminescence (PL) and transient fluorescence spectroscopic measurements. In addition, simulations of spatial
probability distributions show that the interface layer enhances electron-hole spatial overlap. As a result, CSA1
QDs sensitized solar cells (QDSCs) yield a maximum photoconversion efficiency (PCE) of 5.52%, which is 79%
higher than QDSCs based on reference CS QDs. To fully demonstrate the structural interface engineering ap-
proach, the CdSe,S; « interfacial layers were further engineered by tailoring the selenium (Se) and sulfur (S)
molar ratios during in situ growth of each interfacial layer. This graded alloyed CdSe/(CdSeS;.x)s/(CdS),
(x = 0.9-0.1) core/shell (CSA2) QDs show a further broadening of the absorption spectrum, higher carrier
transport rate and modified confinement potential with respect to CSA1 QDs as well as reference CS QDs,
yielding a PCE of 7.14%. Our findings define a promising approach to improve the performance of QDSCs and
other optoelectronic devices based on CS QDs.
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1. Introduction [12] could boost the theoretical photoconversion efficiency (PCE) of the
QDSCs beyond the Shockley-Queisser limit of 32.7% [13,14]. Recently,

Colloidal quantum dots (QDs) have been widely studied for poten- a record certified PCE of 12.07% [15] was reported for QDSCs using

tial applications in multiple emerging technologies, including photo-
voltaic devices such as QDs sensitized solar cells (QDSCs) [1], single [2]
or multi-junction [3] colloidal QDs solar cells and photodetectors [4],
bio-sensors [5], light emitting diodes (LED) [6], luminescent solar
concentrators (LSCs) [7] etc., due to their versatile optoelectronic
properties, such as size/composition-tunable absorption band edge [8],
high absorption coefficient [9] and large intrinsic dipole moments [10].
In particular, as light absorbing materials in QDSCs, the possibility of
multiple exciton generation (MEG) [11] and hot electron extraction
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ZnCulnSe QDs sensitized photoanodes and nitrogen-doped mesoporous
carbon (N-MC) as counter electrodes (CEs) and 13.4% was reported for
CsPbl; QDs [16]. These record values of PCEs are still substantially
lower than that of commercial single-crystal silicon solar cells (~ 20%)
[17] and emerging organo-inorganic hybrid perovskite solar cells (over
20%) [18]. The possible reasons of this relatively low PCE of QDSCs are
mainly associated with narrow light harvesting range of QDs [19], slow
charge injection/transfer rate from QDs to electron/hole acceptors [20]
and fast undesirable non-radiative carrier recombination due to the
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presence of surface traps/defects at interfaces as well as within the QDs
during device operation [21]. Employing the core/shell architecture in
which a QD core is coated with shell layers of different materials/
thickness is an effective approach to address these challenges [22,23].
Core/shell QD architecture offers a reduced density of surface trap
states/defects and an enhanced spatial separation of electron and hole
(forming a quasi-type-II band structure in which the electrons leak into
the shell region, while the holes are confined within the core QD) that
significantly improves the quantum yield (QY), prolonged photo-
luminescence (PL) lifetime and endows the QDs with better chemical,
thermal and photo-chemical/physical stability compared to bare QDs
[24-26].

Among various kinds of core/shell QDs, a specially designed QDs
called “giant” core/shell QDs composed of a core QD covered with the
relatively thick shell (several nanometers up to tens of nanometers),
have been widely studied for applications in optoelectronic devices
[27,28] and energy conversion devices [29-31]. In the “giant” core/
shell QDs, the formation of surface traps and surface oxidation of the
core QD is largely reduced due to the efficient isolation of core QD from
the surrounding chemical environments by thick shell materials. This
thick shell of “giant” QDs can significantly improve the optoelectronic
properties, such as superior photo-physical/chemical stability, sup-
pressed non-radiative Auger recombination, improved QY and pro-
longed multi-exciton lifetime compared to both pure QDs and core/
thin-shell (shell thickness < 1.5nm) QDs [32-35]. Most importantly,
this “giant” QDs heterostructure allows the formation of a quasi-type II
band alignment [33,36,37]. Usually, in “giant” QDs, for example, CdSe/
(CdS)¢ QDs (denoted as CS QDs), the interfacial strain at the sharp in-
terface of CdSe core and CdS shell caused by the lattice mismatch
(4.4%) between CdSe and CdS [38] leads to the formation of interfacial
defects and undesirable carrier confinement potential [33,39]. In ad-
dition, due to the thick shell of CdS over the CdSe core QD, the ab-
sorption spectrum of CS QDs is dominated by the CdS shell (Eg
= 2.49 eV), which absorb strongly in the ultraviolet (UV) and partially
in the visible range (below 500 nm) [40]. In addition, the thick CdS
shell acts as a physical and energy barrier potential for electron/hole
injection processes [41]. Therefore, this requires the optimization of the
electron/hole injection rate and efficient surface passivation of CS QDs
by interfacial engineering of the core/shell architecture. Recently, Bae
et al. demonstrated that the presence of the interfacial layer between
the CdSe/CdS core/shell sharp interface leading to significant sup-
pression of Auger recombination [42]. We also observed that the pre-
sence of the interfacial layer between the core and shell of “giant” core/
shell QDs generates double color emission [43]. These findings allow us
to optimize the architecture of CS QDs towards improving the electron/
hole injection rate, while maintaining efficient surface passivation.

Herein, we report the design and synthesis of “giant” core/shell QDs
with an engineered interfacial layer between the core and shell to im-
prove optoelectronic properties of CS QDs. First, we synthesized CdSe
core QDs (R = 1.65nm), followed by CdS shell with engineered
CdSe,S; x interfacial layers deposition via a successive ionic layer ad-
sorption and reaction (SILAR) approach (see Experimental Section).
The crystal structure of as-synthesized QDs was investigated by using
high-resolution transmission electron microscopy (HR-TEM) and X-ray
diffraction (XRD). Optical properties of QDs with engineered interfacial
layer demonstrated the broadening of absorption and PL spectra to-
wards longer wavelength. The presence of the CdSe,S; interfacial
layers at the sharp core/shell QDs interface significantly enhances the
electron injection rate, as confirmed by transient PL lifetime in-
vestigation. This newly engineered CdSe/(CdSeq 5S0.5)4/(CdS), “giant”
core/alloyed shell QDs (denoted as CSA1 QDs) based QDSC obtained a
PCE of 5.52% under one sun simulated sunlight at AM 1.5 G (100 mW/
cm?), which is approximately 79% higher than the reference CS QDs
based QDSCs. To further improve the optoelectronic properties of CSA1
QDs, and specifically to increase the PCE of the device, we engineered
the CdSe,S; 4 interfacial layers by tailoring the selenium (Se) and sulfur
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(S) ratio in each layer between CdSe core and CdS shell. The QDSC
based on CdSe/(CdSe.S;«)s/(CdS); (x = 0.9-0.1) “giant” core/shell
QDs (denoted as CSA2 QDs) exhibited a PCE of 7.14%, thanks to
CdSe,S;.x (x = 0.9-0.1) graded alloyed interfacial layers at the sharp
interface of CdSe core and CdS shell of CS QDs. This opens a route to
improve the optoelectronic properties of CS QDs for efficient energy
conversion as well as for other optoelectronic technologies.

2. Experimental section
2.1. Materials

Sulfur (100%), oleylamine (OLA) (technical grade, 70%), cadmium
oxide (99%), cadmium nitrate tetra hydrate (= 99%), oleic acid (OA),
Rhodamine 6G and octadecene (ODE), selenium pellet (= 99.999%),
trioctyl phosphine oxide (TOPO), trioctyl phosphine (TOP) (97%),
hexane, zinc acetate dihydrate (98%), sodium hydroxide, sodium sul-
fide nonahydrate (= 99.9%), titanium tetrachloride (30%), hydro-
chloric acid, toluene, methanol, acetone, ethanol and isopropanol (IPA)
were obtained from Sigma-Aldrich Inc.

TiO, pastes composed of 20nm sized anatase nanoparticles
(Transparent, Code 18 NR-T) and larger 150-250 nm sized anatase
scattering particles (Opaque, code WER2-O) were supplied by Dyesol.
Transparent Fluorine doped tin oxide (FTO) coated conducting glass
substrates with sheet resistance 10Q/square were bought from
Pilkington glasses. All chemicals were used as purchased without any
purification.

2.2. QD synthesis

CdSe QDs of diameter (3.3nm) were synthesized by using a hot
injection approach [44]. In brief, TOPO (1g) and Cd-oleate
(0.38 mmol, 1 mL) in 8 mL of ODE were purged by N, at room tem-
perature for 30 min. The reaction system was evacuated for 30 min at
100 °C, and then the temperature was raised to 300 °C. The mixture of
TOP-Se (4 mmol, 4 mL), 3mL of OLA, and 1 mL of ODE at room tem-
perature was quickly injected into the Cd-oleate suspension under
vigorous stirring. The reaction cell was quenched with cold water after
injection. Ethanol (20 mL) was added, then the suspension was cen-
trifuged. The supernatant was removed and finally, the QDs were dis-
persed in toluene and kept at — 10 °C in the refrigerator. Deposition of
CdS layers on CdSe QDs was performed by SILAR, similar to the pro-
cedure described in Ghosh et al. [45] Typically, in a 100 mL round-
bottom flask, OLA (5 mL), ODE (5 mL) and CdSe QDs (~ 2 x 10~7 mol
in hexane) were degassed at 110 °C for 30 min. The reaction flask was
re-stored with N5 and the temperature was further raised to 240 °C with
stirring. The Cd(OA), dispersed in ODE (0.25mlL, 0.2 M) was added
dropwise and the mixture allowed to react for 2.5h, followed by
dropwise addition of 0.2M sulfur in ODE with the same volume. The
shell was further annealed for 10 min. All subsequent shells were an-
nealed at 240°C for ~ 10 min following the injection of sulfur and
~ 2.5h following dropwise addition of the Cd(OA), in ODE. Sulfur/Cd
(OA), addition volumes for shell addition cycles one-six were as fol-
lows: 0.25, 0.36, 0.49, 0.63, 0.8, and 0.98 mL, respectively. The reac-
tion was cooled to room temperature using cold water. Ethanol was
added, then the suspension was centrifuged and the supernatant was
removed. The QDs were then dispersed in toluene for further char-
acterization and labeled hereafter as “CS” for CdSe core with six cycles
of CdS shells QDs (details of the core/shell size/shell thickness are re-
ported in Table 1).

We used a mixture of 0.2 M Se and S in ODE as precursors (following
the same procedure as mentioned above for four cycles of CdSeq 5S¢ s)
for the synthesis CdSe/CdS core/shell QDs with an interfacial alloyed
CdSe,S; x layer, with x = 0.5. Finally, two monolayers of CdS were
added to interfacial alloyed CdSepsSos to synthesize CSA1 QDs.
Similarly, one-five monolayers of interfacial alloyed CdSe,S; x over the
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Table 1
Optoelectronic parameters of the as-synthesized QDs in toluene and QDs de-
posited on TiO, mesoporous film.

QDs structure R (nm) H (nm) Absorption peak position PL peak position
(nm) (nm)

CS 1.65 1.96 591 605

CSA1 1.65 2.05 626 648

“CSA2 1.65 2.15 627 649

# (CdSe,S.)n interfacial layers between CdSe and CdS, whereas x = 0.5,
n = 4 for CSA1 QDs and x = 0.9-0.1, n = 5 for CSA2 QDs.

CdSe core, with x varies from 0.9, 0.7, 0.5, 0.3 and 0.1 respectively.
Then one monolayer of CdS added to (CdSesS;x)s (x = 0.9-0.1) to
synthesize CSA2 QDs.

2.3. Anode preparation

A thin and compact TiO, blocking layer was deposited on ultra-
sonically cleaned FTO glass substrates by hydrolysis of 0.50 mM TiCl,
solution at 70 °C for 30 min. It was then annealed at 500 °C for 30 min
under ambient atmosphere and left to cool down to room temperature.
Double layer mesoporous films were prepared by tape casting a trans-
parent layer of multiwall carbon nanotubes (MWCNT)-TiO, hybrid
paste containing 0.010 wt% MWCNT (20 nm, 18 NR-T) [46] onto ul-
trasonically cleaned FTO glass substrates (sheet resistance 10 Q/cm?). A
drying process was followed for 15 min at ambient conditions and then
placed on a hot plate for 6 min at 120 °C. Subsequently, a scattering
layer of anatase TiO, nanoparticles (150-250 nm-sized, WER2-O) was
applied on the above prepared transparent layer under the same con-
ditions as described above. All photoanodes were then annealed at
500 °C for 30 min under ambient conditions. The thickness of as-fabri-
cated photoanodes was measured by profilometer and an average value
of 14-16 um was found.

ZrO,, films were prepared by using a commercial ZrO, nano-powder
(Aldrich, particle size <100 nm). A single layer of ZrO, film was de-
posited on FTO glass by tape casting. A drying process was followed for
10 min at ambient conditions and then placed on a hot plate for 6 min at
120 °C. Finally, ZrO, photoanodes were annealed in air at 500 °C for
30min and cooled down to room temperature. The thickness of the
ZrO, mesoporous film was in the range of 13-14 um.

2.4. Electrophoretic deposition (EPD) of QDs on the TiO,-MWCNTs hybrid
film and ZnS/SiO2 coating

The as-prepared double layer mesoporous TiO>-MWCNTs hybrid
photoanodes were vertically immersed in the QD toluene solution and
the distance between two-electrodes was adjusted at 1cm. A direct
current bias of 200 V was applied for 120 min. Subsequently, the pho-
toanodes were washed with toluene to remove the unbounded QDs and
finally dried with N, at room temperature. Prior to ZnS capping, a
methanolic solution of cetyl-trimethyl ammonium bromide (CTAB) was
used to exchange the surface native ligands. For details, 1 min dipping
of photoanodes in CTAB and then washed in the corresponding solvent
to remove the chemical residuals from the surface and then dried with
N,, finally 1 min dipping in toluene and dried with N, for one SILAR
cycle. This procedure was repeated three times, to remove most of the
ligands. Subsequently, QDs sensitized TiO, mesoporous photoanodes
were immersed in 0.01 M aqueous solution of TiCl, for 30 min at 40 °C
and then sequentially rinsed with water and ethanol. In addition, one
batch of QDs/ TiO, mesoporous photoanodes was prepared without
TiCl, treatment to highlight the effect of TiCl4. A ZnS capping layer was
formed through four SILAR cycles under the same conditions as for li-
gand exchanges. For ZnS deposition, Zn>* ions were deposited from
0.1 M methanolic solution of Zn (CH3COO), 2H,0, whereas the $%" ions
were deposited from 0.1 M mixed solution (1:1 methanol: water) of
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Na,S. After ZnS capping, the SiO, coating was carried out by soaking in
0.01 M ethanolic solution of tetraethylorthosilicate for 2 h at 35 °C, then
rinsed with ethanol and dried with Ns.

2.5. Device fabrication

QDSCs were fabricated by sandwiching the QD sensitized TiO»-
MWCNTs hybrid photoanode and the Cu,S counter electrode using a
25 um thick plastic spacer. Polysulfide in H,O/methanol (1/1v/v) (1 M
Na,S, 1M S and 0.1 M NaOH) was used as an electrolyte. The Cu,S
counter electrode was fabricated by immersing the brass in HCI (30%)
at 75 °C for 10 min. The HCI treated brass samples were subsequently
immersed in polysulfide electrolyte (2 M Na,S, 2M S and 0.2 M NaOH)
solution for 10 min to yield Cu,S.

2.6. Characterization

TEM and HR-TEM images of QDs and QD-sensitized TiO, films were
collected by using a JEOL 2100F TEM. XRD of purified QD films de-
posited on a silicon substrate (suitable for measuring XRD patterns in
the 20 range) was carried out using a Bruker D8 Advance diffractometer
using a Cu K, radiation source (A = 1.5418 A). The UV-vis absorption
spectra were recorded with a Cary 5000 UV-vis-NIR spectro-
photometer (Varian) with a scan speed of 600 nm/min. Fluorescence
spectra were acquired with a Fluorolog-3 system (Horiba Jobin Yvon).
The PL lifetime and carrier transfer rate (electron/hole) were measured
by using transient PL decay of QDs coupled with carrier scavengers
(TiO, and polysulfide electrolyte) under the time-correlated single-
photon counting (TCSPC) mode with a 444 nm laser. For the electron
transfer rate measurements, QDs were deposited onto TiO, or ZrO,
mesoporous films. The ZrO,/QDs film serves as a benchmark sample, in
which the energy levels do not favour the electron/hole transfer from
the QDs to ZrO,. The electron transfer rate was calculated from the
difference in the electron lifetime values of QDs with TiO5 or ZrO,
mesoporous films. Similarly, the hole transfer rate was monitored by
immersing the ZrO,/QDs film into the polysulfide electrolyte as a hole
scavenger.

The current-voltage (I-V) and transient photovoltage decay mea-
surements were carried out using a compact solar simulator class AAA
(Sciencetech SLB-300A) under one sun simulated sunlight (1 sun = AM
1.5G, 100 mW/cm?), calibrated with a silicon reference cell. External
quantum efficiency (EQE) spectra of QDSCs were recorded using an
IQE200B system (Newport Corporation) with a chopper speed of 4 Hz.

2.7. Theoretical calculations

Theoretical wave functions for electrons and holes were calculated
by solving the stationary Schrodinger wave equation in spherical geo-
metry, in which we used the bulk values for the effective masses of
electrons (m.*) and holes (my*), namely m.* = 0.44m, and
my* = 0.13m, for CdSe [47], and m.* = 0.2m, and m,* = 0.7 m, for
CdS [48], where m, is the electron mass at rest in vacuum. The po-
tentials for electrons and holes as a function of position were approxi-
mated as the lowest unoccupied molecular orbital (LUMO) and highest
occupied molecular orbital (HOMO) levels, respectively, for the bulk
materials. For CdSe, these levels are -3.71 and — 5.81 eV, respectively,
while for CdS they are — 3.3 and — 5.8 eV, respectively. For the alloyed
CdSe,S; x interfacial layers, we used weighted averages (x for Se and 1-
x for S, x = 0.5) of the above quantities. Outside the QD, the potentials
were set as 0 and — 9.8 eV for electrons and holes, respectively. The
interaction between electrons and holes was neglected in the calcula-
tions.
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3. Results and discussion
3.1. Synthesis and structure of colloidal core/shell QDs

CdSe core QDs were first synthesized via a hot injection approach,
as reported elsewhere [49]. Subsequently, a CdS shell was overgrown
by SILAR at 240 °C under N, flow (see Experimental Section) to form a
CS QDs. To broaden the absorption of the CS QDs and reduce the in-
terfacial potential at the sharp interface between CdSe core and CdS
shell, we synthesized four monolayers of interfacial CdSeq sSy 5 alloyed
shell over the CdSe core QDs, then two additional monolayers of CdS
were grown on the alloyed shell to form CSA1 QDs. Graded alloyed
CSA2 QDs were synthesized by tailoring the Se:S ratio during in situ
growth of each CdSe,S; x (x = 0.9-0.1) interfacial layer over the CdSe
core QDs. The diameter of the starting CdSe core QDs is around
3.30 = 0.29 nm. The increased size of QDs after CdS shell growth was
confirmed by TEM imaging [see Fig. 2(a)-(c)]. The average CdSe core
size and (CdS)e, alloyed (CdSepsSo.5)4/(CdS), and graded alloyed
(CdSe,S1.x)s/(CdS); (x = 0.9-0.1) shell thickness (H) are reported in
Table 1. In brief, after growing six monolayers of CdS, the diameter of
the as-synthesized CS QDs is 7.2 * 0.5nm (H = 1.96 nm), whereas for
alloyed CSA1 and graded alloyed CSA2 QDs, with the growth of four
interfacial layers of CdSe,S;x (x = 0.5)/two monolayers of CdS, and
five interfacial layers of CdSe,S;, (x = 0.9-0.1)/ one monolayer of
CdS, the final diameter reaches 7.4 + 0.7nm (H 2.05nm) and
7.6 = 1.3nm (H = 2.15nm) respectively. The size distributions of as-
synthesized CS, CSA1 and CSA2 QDs are shown in Fig. 1S. The high
crystallinity with lattice fringes of each QD is clearly visible in the
HRTEM image [inset Fig. 2(a), (b) and (c)]. The calculated lattice
parameter of CS, CSA1 and CSA2 QDs shown in Fig. 2(a), (b) and (c)
are = 3.33 i\, 3.60 f\, and 3.61 A corresponds to the (0 0 2), (1 0 0) and
(1 0 1) lattice spacing of the Wurtzite (WZ) crystal structure of studied
QDs respectively. These findings are consistent with the SAED pattern
and XRD of the respective QDs. The homogeneous dispersion of the
CSA2 QDs (yellow dotted circles) on the surface of the TiO, mesoporous
film without any aggregation during the deposition of QDs via EPD is
confirmed in Fig. 2(d) and is consistent with optical properties mea-
surements of as-synthesized QDs and QDs deposited onto the TiO,
mesoporous film.

Fig. 2(e) displays the XRD patterns of colloidal CS, CSA1 and CSA2
QDs. The peak positions of the XRD patterns of CS QDs confirmed the
hexagonal WZ crystal structure of CS QDs, which is mainly attributed to
the dominance of the thick CdS shell (six SILAR cycles) over the CdSe
core QDs. These findings are consistent with our previous work [31].
On the other hand, in the case of CSA1 and CSA2 QDs, the slight
shifting of the XRD peak positions as well as the combined reflection of
WZ crystal structure of CdS and WZ crystal structure of CdSe confirm
the formation of alloyed CSA1 and graded alloyed CSA2 WZ structured
QDs. The SAED patterns of CS QD are shown in Fig. 2(f) and tabulated
(002), (110), (103) and (112) planes of WZ phase. Similarly, SAED

(c)

Conduction Band

1%

CdS CdSe,S,., CdSe

380
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Fig. 1. Schematic illustration of internal inter-
facial structures and carrier confinement po-
tentials of QDs: (a) CdSe/(CdS)s, (R = 1.65nm,
H = 1.96 nm) (CS QDs); (b) CdSe/(CdSe,S;.)4/
(CdS), (x=0.5 for all monolayers,
R =1.65nm, H; =1.39nm, H, = 0.66nm)
(CSA1 QDs); and (c) CdSe/(CdSe,S.)s/(CdS),
(x = 0.9-0.1, R = 1.65nm, H; = 0.82nm, H,
= 0.33nm) (CSA2 QDs). R is Radius of CdSe
QDs and H is the shell thickness.

patterns of alloyed CSA1 and graded alloyed CSA2 QDs are shown in
Fig. 2(g)-h) and tabulated (111), (211), (220), (311) and (111), (211),
(220), (310), (311) planes also of WZ phase respectively. These findings
are consistent with the XRD analysis of the corresponding QDs.

The optical properties of as-synthesized CS, CSA1 and CSA2 QDs in
toluene are shown in Fig. 3 and the calculated optical parameters of the
corresponding QDs are reported in Table 1. The first-excitonic absorp-
tion peak for CS QDs is observed around 591 nm [Fig. 3(a)]. With the
incorporation of CdSe,S;x interfacial layers, the first-excitonic ab-
sorption peak systematically shifts toward longer wavelength with ex-
tended absorption spectra. In brief, alloyed CSA1 QDs show first-ex-
citonic absorption peak near 626 nm, with absorption spectra extended
from 300 to 670 nm. Similarly, CSA2 QDs exhibit a first-excitonic ab-
sorption peak around 627 nm and absorption spectra extended from
300 to 700 nm [Fig. 3(a)]. This significant broadening of the absorption
spectra in case of CSA2 and CSA1 QDs with respect to CS QDs having
comparable shell thickness highlights the benefits of alloyed interfacial
layers at the core/shell sharp interface of CS QDs. Hence CSAl1 and
CSA2 QDs can harvest a higher number of photons, leading to higher
PCE of the QDSCs based on these QDs with respect of the CS QDs (see
photovoltaic measurements section).

The PL spectra of as-synthesized CS, CSA1 and CSA2 QDs dispersed
in toluene are shown in Fig. 3(b). The PL peak position of the CS QDs at
605 nm shifts significantly to longer wavelength (~ 650 nm) after the
addition of CdSe,S; x interfacial layers. Further modification of the
CdSe,S; x interfacial layers (for CSA2 QDs) does not lead to any sig-
nificant change in the PL peak position (649 nm) with respect to CSA1
(PL- 648 nm) as we observed in the absorption spectra of the corre-
sponding QDs.

This redshift (~ 45nm) in the PL peak position of CSA2 and CSA1
QDs system with respect to the reference CS QDs of comparable size, is
due to enhanced carrier (both electron and hole) delocalization into the
shell region (detailed discussion in the following Section) and the in-
creased concentration of CdSe [50]. However, in the reference CS QDs,
only electrons are delocalized into the shell region, while holes are
confined into the core [23,44]. These findings are consistent with
UV-visible measurements and further supported by PL lifetime mea-
surements and theoretical wave function calculations of corresponding
QDs systems.

The half width half maxima (HWHM) of absorption peak and full-
width half maxima (FWHM) of PL peak of CS, CSA1 and CSA2 QDs were
calculated by using Gaussian multiple peaks fitting approach. The va-
lues of HWHM of the absorption peak of CS, CSA1 and CSA2 QDs are
0.45, 0.49 and 0.47 eV respectively. Similarly, the values of FWHM of
PL peak of CS, CSA1 and CSA2 QDs are 0.971, 0.108 and 0.114 eV
respectively. The difference in the values of HWHM and FWHM of CSA1
and CSA2 QDs is very small. This slight broader PL peak of CSA2 QDs
compared to CSA1 QDs may be contributed from instrumental error.

In addition, the stability of CS, CSA1 and CSA2 QDs is highlighted in
PL measurements of as-synthesized QDs in toluene and deposited on the
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Fig. 2. TEM images of: (a) as-synthesized CdSe/(CdSe)s QDs (CS); after growth of (CdSe,S; ), interfacial layers between CdSe and CdS: (b) x = 0.5, n = 4 for CSA1
QDs; (¢) x = 0.9-0.1, n = 5 for CSA2 QDs. Inset of (a)-(c) showing the HR-TEM image of corresponding QDs. (d). HR-TEM image of CSA2 QDs sensitized TiO film,
dotted yellow circles highlight the presence of QDs. (e) XRD patterns of CS QDs (green line), CSA1QDs (red line) and CSA2 QDs (blue line). The Joint Committee on
Powder Diffraction Standards (JCPDS) card files for CdSe (00190191, pink dashed for ZB and 08-459, yellow for WZ) and CdS (01-077-2306, green for WZ) are
shown for identification. SAED pattern: (f) CS QDs; (g) CSA1 QDs; and (h) CSA2 QDs.

surface of mesoporous TiO, film after 2h EPD. We found that the PL
peak position and PL shape remain unchanged after QDs deposited on
TiO, with respect to QDs in toluene [see Fig. 3(c) and Fig. 2S(a)-(b)].

3.2. Charge dynamics of QDs coupled with carrier scavengers

The absorption of photons by the QDs generates an exciton that
dissociates at two interfaces: the QDs/metal oxide and the QDs/redox
couple electrolyte. The optimized band alignment of the conduction
band (CB) of TiO, with the CB of QDs leads to efficient electron in-
jection from the QDs to TiO, and reaches the cathode through FTO and
the external load. The hole in the valence band (VB) of the QDs is
transferred to the polysulfide electrolyte. Therefore, understanding of
carrier dynamics is crucial to improve device performance. We used
transient PL spectroscopy to understand the carrier dynamics of QDs
after coupling with carrier scavengers. The electron lifetime (t) and
carrier transfer rate of QDs with carrier scavengers (mesoporous TiO,
film and polysulfide electrolyte) were measured under the excitation

wavelength A = 444 nm. All the PL decay curves were well fitted by an
exponential decay. The intensity-weighted average lifetime (< t >) is
calculated by using the following equation:

ot
<t>= E —
a7

(€]
Where a; (i = 1, 2, 3) are the fitting coefficients and 7 (i = 1, 2, 3) are
the characteristic lifetimes of the PL decay, respectively.

For all types of QDs, the PL decay is faster in the case of QDs with
TiO, and electrolyte, compared to QDs with ZrO,, which confirms that
charge transfer is more efficient towards carrier scavengers (TiO5 and
electrolyte) than to ZrO, [Fig. 4(a)-(c)]. We calculated the t of QDs of
different shell structures and compositions with the same CdSe core size
by measuring the PL intensity decay of QDs anchored to the TiO, me-
soporous film [see Fig. S3(b)]. The variation of the t of core/shell QDs
with different shell structures and compositions is shown in Fig. 4(d)
and the corresponding values are reported in Table 2. The highest t of
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Fig. 3. Optical measurements: (a) UV-vis absorption
(a) ggm spectra of as-synthesized CS QDs in toluene before and
5 ——CSA2 after growth of (CdSe.S;y), interfacial layers between
7] CdSe and CdS, whereas x = 0.5, n = 4 for CSA1 QDs and
x = 0.9-0.1, n =5 for CSA2 QDs. The inset shows the
; magnified absorption spectra of the corresponding QDs in
© = toluene, where the first excitonic absorption peaks are
‘(; 8 clearly visible; (b) PL spectra of corresponding QDs in
o 14 2 toluene; (c) PL spectra of the CSA2 QDs in toluene and
< < QDs deposited on TiO, mesoporous film via EPD.
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29 *+ 0.4ns is reported for CS QDs. This is mainly attributed to the
confinement of the holes into the core region and leakage of the elec-
trons into the shell region of CS QDs. On the other hand, t values are
decreased to 24 *+ 0.5ns and 14 = 0.4ns for CSA1 and CSA2 QDs
respectively. The presence of interfacial layers (CdSe,S;. ), (x = 0.5,
n = 4) for CSA1 and (x = 0.9-0.1, n = 5) for CSA2 QDs leads to the
formation of favorable stepwise band alignment between the CdSe core
and alloyed shell as shown in Fig. 1(b) - (¢). Due to this favorable band
alignment of CSA1 and CSA2 QDs, both electrons and holes leak into
the shell region, whereas in CS QDs only electrons leak into the shell
region. The possibility of holes leaking in the shell region induces
greater e-h overlap in CSA1 and CSA2 QDs, leading to fast e-h re-
combination and reducing the overall t values [51]. The lowest value of
7 is obtained for the CSA2 QDs due to the modification of the interfacial
layer band of CSA1 QDs into graded interfacial layer bands in CSA2 QDs
as shown in Fig. 1(c). This favorable stepwise band alignment of graded
alloyed CSA2 QDs leads to faster hole leakage into the shell region as
compared to CSA1 QDs, which is consistent with the obtained t values.
A similar trend for © was observed for the QDs coupled with ZrO, film.
The trend is shown in Fig. S3(c) and corresponding values are reported
in Table 2. This enhanced e-h overlap in case of CSA1 and CSA2 QDs
system with respect to the reference CS QDs system is also confirmed by
theoretical calculations, as discussed below.

We also investigated the effects of the incorporation of CdSe,S;
interfacial layers between CdSe core and CdS shell of core/shell QDs on
carrier dynamics by coupling the QDs with carrier scavengers. In this
measurement, a mesoporous TiO, metal oxide film is used as electron
scavenger, while polysulfide (1 M Na,S, 1M S and 0.1 M NaOH) in
H,O/methanol (1/1v/v) is used as a hole scavenger. The CS QDs
system is considered as the reference. In previous work, we ruled out
the possibility of energy transfer from QDs to carrier scavengers [39],
because there is no spectral overlap between the PL of QDs and ab-
sorption of carrier scavengers (TiO, and polysulfide electrolyte) [52].
Hence this faster PL decay of the QDs system coupled with carrier
scavengers (TiO, and polysulfide electrolyte) than QDs with ZrO, is
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Wavelength (nm)

mainly attributed to the possibility of electron transfer from the CB of
QDs to CB of TiO, and hole transfer from VB of QDs to the polysulfide
electrolyte (Fig. S3).

The carrier lifetime values for all QDs with the TiO, mesoporous
film (electron scavenger) and polysulfide electrolyte (hole scavenger)
are shorter than the QDs with ZrO, mesoporous film as shown in Fig. 4
(the corresponding values are reported in Table 2). From the differences
in the carrier lifetime values, we calculated the carrier transport rate
(K or Ky¢) by using the following equation:

1 1
(<7 > QDs/e(TiO,)orh (electrolyte) T <> QDs/(ZrO,)

Ket orht ( 2)
Where <t > QDs/e(TiO,)or h(electrolyte) and <7 > QDs/ZrO, are the
average lifetimes of the QDs with carrier scavengers and QDs with ZrO,
respectively.

The calculated electron transport rate (K.) of 0.6 = 0.1 X 107/s
for CS QDs [see Fig. 4(e)], is lower than the K. of both CSA1l
(2.2 + 0.1 x 107/s) and CSA2 QDs (2.6 + 0.1 x 107/s). This can be
attributed to high interfacial potential, less degree of carrier delocali-
zation (see Section 3.3) and presence of defect states at the sharp in-
terface of CdSe core and CdS shell of the reference CS QDs system. In
brief, for CSA1 QDs, K,, increases significantly to 2.2 + 0.1 x 107/s,
which is 3 times higher than the K, of CS QDs [see Fig. 4(e) and cor-
responding value reported in Table 2], although the driving force of
electron injection from the CB of CSA1 QDs into CB of TiO, is slightly
lower than the reference CS QDs. This considerably higher value of K,
(2.2 + 0.1 x 107/s) is mainly attributed to the dominance of the effect
of favorable electronic band alignment of the CdSe core with CdSe,S; «
interfacial layers and CdS shells [see Fig. 1(b)], which reduces the
overall interfacial potential and defect states and enhances the carrier
delocalization into the shell region, over the slight less driving force for
the electron injection, hence accelerates the electron injection from CB
of QDs to CB of TiO,. This K. value is further enhanced to
2.6 + 0.1 x 10”/s by tailoring the Se:S molar ratios during in situ
growth of each interfacial layer of CSA2 QDs system. This leads to a
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Fig. 4. Transient PL curves of core/shell QDs deposited onto ZrO, mesoporous film, ZrO, film with polysulfide electrolyte, and TiO, mesoporous film: (a) CS QDs; (b)
CSA1 QDs and (c) CSA2 QDs. The excitation wavelength is A..x = 444 nm. Calculated parameters from the comparative study of core/shell QDs with different shell
structure and compositions: (d) Electron lifetime; (e) Electron transfer rate; and (f) Hole transfer rate.

further reduction of the overall interfacial potential by improved fa-
vorable stepwise band alignment of graded alloyed interfacial layers
between CdSe core and CdS shell QDs, as shown in Fig. 1(c) and en-
hanced degree of carrier delocalization into the shell region (see Section
3.3).

Similarly, the hole transport rate (Ky,) from VB of QDs to the elec-
trolyte for all QDs systems follows the same trend as K. shown in
Fig. 4(f) and the corresponding values are reported in Table 2. Ky is
lowest for CS QDs (0.14 * 0.3 x 107/s) and highest for CSA2 QDs
(2.3 + 0.5 x 107/s). This observation can be attributed to the reduced
interfacial potential for hole transfer by incorporation of alloyed and
graded alloyed CdSe,S; x interfacial layers between CdSe core and CdS
shell. Thus, the transient PL decay measurements demonstrated that the
carrier transport (both electrons and holes) can be modified by en-
gineering the interfacial layers between CdSe core and CdS shell of CS
QDs system.

Table 2

3.3. Theoretical electron-hole wave function calculations

To describe theoretically the optoelectronic properties of CS, CSA1
and CSA2 QDs, we calculated the electron (y.(r)) and hole (y,(r)) wave
functions by solving the stationary Schrodinger wave equation in
spherical geometry [48]. The calculation details are reported in the
Experimental Section. The variation of calculated spatial probability
distribution (p(r)) of y.(r) and yy,(r) as a function of QDs radius (r (nm))
for all QDs systems is shown in Fig. 5(a)-(c).

A systematic comparison of p(r) of y,(r) and yy(r) for all QDs shows
the leakage of the electrons into the shell region, while the holes con-
fined in the CdSe core confirmed the possible formation of a quasi-type
II band alignment [23,33,53,54]. The calculated e-h spatial overlap
area (%) of ye(r) and yy(1), is plotted as a function of QDs structure is
shown in Fig. 5(d) and the corresponding values are reported in Table
S1. The lowest e-h spatial overlap area (%) obtained is 64% for CS QDs,
which increases to 67% for CSA1 and 72% for CSA2 QDs. This slight
increase in e-h spatial overlap area (%) with the addition CdSe,S;.x
interfacial layers between CdSe core and CdS shell in CSA1 (x = 0.5) or

Calculated electron lifetime (), electron transfer rate (K and hole transfer rate (Ky,) from transient PL spectroscopy measurements for the core/shell QDs of
different shell structure and compositions deposited on mesoporous ZrO, film and carrier scavengers (mesoporous TiO, film and polysulfide electrolyte).

QDs structure R (nm) H (nm) Lifetime with TiO, (ns) Lifetime with ZrO, (ns) Ke (107/5) Kpe (107/5)
cS 1.65 1.96 29 + 0.4 48 + 0.6 0.6 + 0.1 0.14 + 0.2
“CSA1 1.65 2.05 24 = 0.5 39 + 0.1 22 = 0.1 1.3 = 0.3
4CSA2 1.65 2.15 14 = 0.8 23 + 0.3 26 = 0.1 23 =+ 05

@ (CdSe,S;.x)n interfacial layers between CdSe and CdS, whereas x = 0.5, n = 4 for CSA1 QDs and x = 0.9-0.1, n = 5 for CSA2 QDs.
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CSA2 (x = 0.9-0.1) QDs with respect to CS QDs is due to favorable
stepwise band alignment of CSA1 and CSA2 QDs [see Fig. 1(b) and (c)]
[48].

This favorable stepwise band alignment reduces the overall inter-
facial barrier potential that could slow down or even block hole transfer
from the CdSe core into the shell region [see Fig. 1(a)-(c)]. So, the
probability of the holes to leak into the shell region for CSA1 and CSA2
QDs is higher than the holes in CS QDs. The increased e-h spatial
overlap area (%) in the case of CSA1 and CSA2 QDs, enhances the e-h
recombination probability and reduces the overall t. These measure-
ments are consistent with carrier dynamics studies of the respective
QDs reported in the previous section [see Fig. 4(d)].

3.4. Photovoltaic performance

As a proof-of-concept, we fabricated QDSCs based on QDs sensitized
TiO,-MWCNTs hybrid mesoporous film photoanode. The photocurrent
density-voltage (J-V) curves of QDSCs based on core/shell QDs of dif-
ferent structures under one sun simulated sunlight (AM 1.5G, 100 mW/
cm?) are shown in Fig. 6(a) and the corresponding calculated PV
parameters are reported in Table 2. The QDSC based on CS QDs show a
PCE of 3.08%, short circuit current density (Jy.) of 9.52mA/cm?, open
circuit voltage (V,.) of 565mV and fill factor (FF) of 57%. This PV
performance is significantly enhanced by engineering the sharp inter-
face between CdSe core and CdS shell of CS QDs system with the in-
corporation of CdSe,S; x (x = 0.5) interfacial layers (CSA1 QDs), while
maintaining the same structure of the CdSe core, as shown in schematic
Fig. 1(b).

We find that J,. increases from 9.52 to 16.72 mA/cm? and V,. from
565 to 576 mV, leading to a PCE of 5.52%. The presence of (CdSe,S1.x)n
(x = 0.5, n = 4) alloyed interfacial layers between the CdS shell and the
CdSe core reduce the overall interfacial potential and defects states at
the CdSe/CdS core/shell sharp interface. This significantly enhances the
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electron injection from the CB of the QDs to the CB of TiO, (K..) and the
hole transfer (Ky,) from the VB of the CSA1 QDs to the polysulfide
electrolyte, as demonstrated in transient PL decay measurements [see
Fig. 4 and Table 2]. The PCE of QDSC based CSA2 QDs system attains
values of 7.14% (see Table 3), which is 29% higher than the QDSC
based on CSA1 QDs and is also higher than the PCE reported in the
literature for liquid junction QDSCs of similar configuration based on
core/thin shell QDs (more details reported in 1.1S Section, supporting
information). This is mainly attributed to a further reduction in the
overall interfacial potential by improved favorable stepwise band
alignment [see Fig. 1(c)] and broadening of the absorption spectrum
towards longer wavelengths [see Fig. 3(a)] of the CSA2 QDs. These
results are further supported by EQE and transient photovoltage decay
measurements of the QDSCs.

Fig. 6(b) displays the systematic comparison of the EQE spectra of
QDSCs based on CS, CSA1 and CSA2 QDs as a function of wavelength.
The EQE of the device depends on the light harvesting efficiency (nyug),
charge transfer efficiency (n.) and charge-collection efficiency (1)
[54]. The QDSC based on CSA2 QDs shows broader EQE spectra to-
wards longer wavelengths (~650-700 nm) with respect to QDSCs
based on CSA1 and reference CS QDs. This is mainly attributed to better
Neue and ne, properties of CSA2 QDs as compared to CSA1 and CS QDs,
which is confirmed by UV-visible absorption and carrier dynamic
measurements of QDs. At 500 nm, the EQE (%) values of QDSCs follow
the trend CSA2 QDs (~80%) > CSAl QDs (~67%) > CS QDs
(~40%). The trend of EQE (%) measurements is consistent with the PV
results of the three QDSCs.

The variation of the PV parameters: J. (mA/cm?); PCE (%); Vo (V);
and FF (%) with the QDs shell structure and composition is shown in
Fig. 6(e)-(f). QDSC based on CSA1 QDs exhibit better PV parameters
compared to QDSCs based on CS QDs. The performance of the QDSC
can be further improved by using CSA2 QDs as a light harvester [see
Fig. 6(e)-(f) and corresponding values reported in Table 3]. A
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Fig. 6. (a) Comparison of current density versus voltage curves of CS QDs (green squares), CSA1 QDs (red circles) and CSA2 QDs (blue up-triangular) based QDSCs
under one sun irradiation (AM 1.5G, 100 mW/cm ™~ 2); (b) EQE (%) of the corresponding QDSCs. Transient photovoltage decay measurements: (c) V,. decay as the
function of time; (d) electron lifetime (1) as a function of V,, calculated from V,. decay measurements. Photovoltaic parameters variations of QDSCs with QDs
structure: (e) J. (mA/cm?) (black color, left) and PCE (%) (red color, right); (f) V. (V) (black color, left) and FF (%) (red color, right).

Table 3
Comparison of the photovoltaic parameters calculated from J-V measurements
of QDSCs based on CS, CSA1 and CSA2 QDs as light harvesters.

QDs structure H (nm) Jse (mA/cm?) Voe (mV) FF (%) PCE (%)
CS 1.96 9.52 565 57 3.08
ICSAl 2.05 16.72 576 57 5.52
“CSA2 2.15 21.39 585 57 7.14

2 (CdSeS;.x)n interfacial layers between CdSe and CdS, whereas x = 0.5,
n = 4 for CSA1 QDs and x = 0.9-0.1, n = 5 for CSA2 QDs.

systematic comparison of the PV performance of QDSCs based on the
CS, CSA1 and CSA2 QDs demonstrates that this difference is due to the
different optoelectronic properties of the respective QDs such as: (a)
nwue; (b) carrier separation and (c) carrier injection efficiency, as all the
other components of the devices (photoanode, electrolyte and counter
electrode) are the same. The optical measurements highlighted that the
incorporation of alloyed (CdSe,S;.x), (x = 0.5, n = 4) and graded al-
loyed (CdSe,S;.x)n (x = 0.1-0.9, n = 5) interfacial layer significantly
broadens the absorption spectra from 400 to 670 nm for CSA1 QDs and
from 400 to 700 nm with small contribution up to 850 nm for CSA2 QDs
with respect to CS QDs system from 400 to 620 nm [see Fig. 2(a)]. This
confirmed the higher nyg for the devices using CSA2 QDs than the
device with CSA1 QDs and CS QDs system, consistent with the observed
trend of PV performance and EQE measurements of devices based on
respective QDs.

Carrier dynamics measurements demonstrated that an exciton is
photo-generated in QDs by the absorption of a photon. The exciton is
then separated in electron and hole, mainly depending on the electronic
band alignment between the core and shell of QDs. The shifts in PL peak
positions of CSA1 QDs (648 nm) and CSA2 QDs (649 nm) with respect

to CS QDs (605 nm) is due to possible enhanced carrier delocalization in
the shell region for CSA1 and CSA2 QDs respectively. The enhanced
carrier delocalization is caused by the reduced interfacial confinement
potential and defects at the sharp interface of CS QDs (as described
above). In addition, carrier transport within the QDs is also a very
promising factor to improve the PV performance of QDSCs. Calculated
values of both K, and Ky, from transient PL. measurements follow the
trend CSA2 QDs > CSA1 QDs > CS QDs as shown in Fig. 4. This trend is
consistent with the observed PV performance of QDSCs based on the
respective QDs as light harvesters.

In contrast, the theoretical calculations demonstrate the enhanced e-
h spatial overlap area (%) for CSA2 and CSA1 QDs with respect to the
CS QDs leads to higher e-h recombination probability and lower the
overall 7 of the respective QDs. However, the lower value of T in CSA2
and CSA1 QDs compared to reference CS QDs seems less important due
to the dominance of other appealing features of CSA2 and CSA1 QDs
such as higher light harvesting efficiency in a broader range, better
carrier separation and transport. Hence, this better PV performance of
QDSCs based on CSA2 and CSA1 QDs than QDSCs based on CS QDs is
caused by the excellent optoelectronic properties of the corresponding
QDs.

In addition, to understand in greater detail the carrier dynamics of
the QDSCs based CSA2, CSA1 and CS QDs, we applied transient pho-
tovoltage decay. This technique provides dynamic information on the
carrier recombination processes which occurs at the TiO,-MWCNTs/
QDs/electrolyte interface. To measure transient photovoltage decay, all
QDSCs were illuminated with a solar simulator under one sun simulated
sunlight (AM 1.5G, 100mW/cm?) until reaching a steady voltage,
which is the V. of the QDSC. Then the simulator shutter was closed and
the voltage decay with time was recorded for all QDSCs under dark
conditions. Fig. 6(c) displays the V,. decay curves versus time for all
QDSCs based on CSA2, CSA1 and CS QDs system. The rate of V,. decay
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is slower in the case of QDSC with CSA2 QDs than the QDSCs with CSA1
and CS QDs. At particular time (s) value, the V,. decay rate follows the
trend CSA2 QDs > CSA1 QDs > CS QDs [see Fig. 6(c) ]. From the V.
decay measurements, the electron life time (t.) was calculated by using
the following equation [55,56].

()

T e Nt 3
where kg is Boltzmann's constant, T is the absolute temperature, and e is
the electron's charge.

The 7, constant depends on the non-radiative carrier recombination
at the TiO,-MWCNTs/QDs/electrolyte interface. As discussed above,
the presence of alloyed and graded alloyed interfacial layers sig-
nificantly improves the optoelectronic properties of CSA2 and CSA1l
QDs with respect to CS QDs in terms of light harvesting efficiency, fast
carrier separation and transport due to favorable stepwise band align-
ment (see Fig. 1). The calculated t. value is higher for QDSCs based on
CSA2 and CSA1 QDs as compared to QDSC based on CS QDs [see
Fig. 6(d)]. At a particular V. (~ 0.350 V), the t. of QDSCs based on the
different shell structure and composition of QDs, follow the trend CSA2
QDs > CSA1 QDs > CS QDs as shown in Fig. 6(d). The higher value of
7 in the case of QDSCs with CSA2 QDs confirms the lower carrier re-
combination rate compared to QDSCs based on CSA1 and CS QDs. The
suppressed non-radiative carrier recombination with the incorporation
of alloyed and graded alloyed layers is due to the reduced interfacial
confinement potential and defects created by the lattice mismatch
(4.4%) between the CdSe core and CdS shell sharp interface of CS QDs
[52]. This accelerates the carrier separation and injection process, as
confirmed by transient PL decay and theoretical calculations. These
results are consistent with the PV performances obtained for QDSCs
based on the respective QDs systems.

4. Conclusions and perspectives

In summary, we incorporated CdSe,S; , interfacial layers between
the CdSe core and CdS shell in heterostructured core/shell QDs. CSA1
QDs exhibit a broader absorption spectrum towards longer wavelength,
better carrier separation, injection and transport rate compared to CS
QDs, yielding a significantly enhanced PCE of 5.52%, which is 79%
higher than the PEC of QDSCs based on CS QDs. To further improve the
performance of QDSCs, the CdSe,S; x interfacial layers were engineered
by tailoring the Se:S molar ratios during in situ growth of each inter-
facial layer between CdSe core and CdS shell. The resulting new graded
alloyed CSA2 QDs show a broader absorption response (400-700 nm),
higher electron-hole transfer rate and modified confinement potential
as compared to CSA1 and reference CS QDs. The QDSC based on CSA2
QDs exhibits the highest PCE of 7.14%, which is 29% higher than the
QDSC based on CSA1 QDs. These results demonstrate that interfacial
engineering can improve the optoelectronic properties of core/shell
QDs, thus representing a promising approach to improve the perfor-
mance of optoelectronic technologies based on QDs. Future directions
will focus on the further improvement of the PV performance of QDSCs
based on heterostructured core/shell QDs by optimizing the interfacial
alloyed shell thickness/structure compositions and selection of different
core and shell materials, such as PbS/CdPbS/CdS, CdTe/CdSeTe/CdSe,
CulnS/CulnSSe/CulnSe “giant” QDs.
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